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1
INTEGRATED FUEL CATALYST MONITOR

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 12/577,984, “INTEGRATED FUEL
CATALYST MONITOR,” filed on Oct. 13, 2009, the entire
contents of which are hereby incorporated by reference for all
purposes.

FIELD

The present disclosure relates to a catalyst monitoring sys-
tem.

BACKGROUND AND SUMMARY

A three-way catalyst device coupled to the exhaust of a
combustion engine reduces combustion by-products such as
carbon monoxide, hydrocarbons, and oxides of nitrogen.
However, as the catalyst device ages, its ability to store oxy-
gen diminishes leading to a decrease in efficiency. In order to
determine the efficiency of the catalyst device, systems moni-
tor the ability of the device to store oxygen.

Various approaches, including full and partial volume
monitoring sensor approaches have been developed. In one
approach, as described in U.S. Pat. No 6,594,986, monitoring
of the emission control device with a lean-burn engine
includes monitoring the oxygen storage capacity ofthe device
by determining an amount of fuel required to purge the cata-
lysts after they have been fully saturated with oxidants due to
lean operation.

However, the inventors have recognized issues with such
an approach. For example, lean combustion may lead to spe-
cific NOx trapping catalyst requirements that may be ineffec-
tive for lower emission regulations. Further, in such an
approach, since combustion is taking place while the catalysts
are saturated for monitoring, there may be a risk of catalyst
oversaturation. Catalyst oversaturation may result in
decreased reduction of combustion by-products.

As such, the above issued may be addressed at least par-
tially be running a catalyst monitor following deceleration
fuel shut-oft (DFSO) events, as such operation may provide
an advantageous starting point for monitoring the efficiency
of the catalysts in an emission control device. In particular,
running the monitoring routine following DFSO eliminates
the need to operate the engine in a lean combustion mode in
order to saturate the catalyst. Further, during DFSO no fuel is
injected while the engine rotates and pumps air through the
catalyst, thus catalytic saturation may occur faster and more
completely than during lean engine operation, with reduced
risks from oversaturation.

The inventors herein have also recognized that including
compensation for air mass and catalyst temperature varia-
tions in the catalyst monitoring routine may reduce noise
sources in the catalyst monitoring routine.

In one example, a method is provided for monitoring an
emission device coupled to an engine. The method com-
prises: following a deceleration fuel shut-off duration, indi-
cating degradation of the emission device based on an amount
of rich products required to cause a sensor to become richer
than a threshold. For example, the sensor may be a full vol-
ume sensor located downstream of a full volume of catalyst
material. For example, the amount of rich products required
to cause a sensor to become richer than a threshold may be
correlated to an amount of oxygen stored in the emission
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device. Thus the indication of degradation of the emission
device may be based on the amount of stored oxygen. The
indication of emission device degradation may be further
based on air mass and temperature during delivery of the
required rich products to account for effects of such param-
eters on the indication of degradation.

In such an approach, the oxygen storage capacity may be
identified via an integrated fuel metric. Furthermore, since
little to no combustion occurs during DFSO when the cata-
lysts are being saturated, the negative effects of catalyst over-
saturation may be reduced.

It should be understood that the summary above is pro-
vided to introduce in simplified form a selection of concepts
that are further described in the detailed description. It is not
meant to identify key or essential features of the claimed
subject matter, the scope of which is defined uniquely by the
claims that follow the detailed description. Furthermore, the
claimed subject matter is not limited to implementations that
solve any disadvantages noted above or in any part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of one cylinder of multi-
cylinder engine with an emission control device coupled to
the engine exhaust system.

FIG. 2 shows an example routine for initiating catalyst
monitoring following a deceleration fuel shut-off duration.

FIGS. 3A, 3B, and 3C show example air-fuel variations of
system components while monitoring an emission control
system following a deceleration fuel shut-off catalyst reacti-
vation event.

FIG. 4 shows an example routine for monitoring the emis-
sion control system following a deceleration fuel shut-off
catalyst reactivation event.

FIG. 5 shows a routine which includes compensation for
air mass and catalyst temperature variability in the oxygen
storage capacity integration.

FIG. 6A shows an example function for air mass compen-
sation.

FIG. 6B shows an example function for catalyst tempera-
ture compensation.

DETAILED DESCRIPTION

The following description relates to a system and method
for monitoring an emission control system following a decel-
eration fuel shut-off event. FIG. 1 shows an example combus-
tion engine with an emission control device coupled to the
exhaust. The catalyst monitoring routine may be initiated
following a DFSO event, in response to a driver tip-in to come
out of the DFSO event. FIGS. 3A, 3B, and 3C show examples
of air-fuel variations of a fuel injector, an air-fuel sensor
upstream of the emission control device, and an air-fuel sen-
sor downstream of the emission control device, respectively,
during an example catalyst monitoring event. The example
catalyst monitoring routine shown in FIG. 4 determines an
oxygen storage capacity (OSC) of the catalysts in the emis-
sion control device based on an amount of rich products
required to cause a sensor to become richer than a threshold.
In one example, the sensor may be located at full volume. In
another example the sensor may be located at partial volume.
Ifthe OSC is below a threshold, for example, the routine may
indicate a catalyst degradation condition. Since air mass and
catalyst temperature are sources of variability in the OSC



US 9,328,646 B2

3

calculation, air mass and catalyst temperature compensation
may be applied to the OSC calculation as shown in the
examples of FIGS. 5 and 6.

Turning to FIG. 1, a schematic diagram showing one cyl-
inder of multi-cylinder engine 10, which may be included in
a propulsion system of an automobile, is shown. Engine 10
may be controlled at least partially by a control system includ-
ing controller 12 and by input from a vehicle operator 132 via
an input device 130. In this example, input device 130
includes an accelerator pedal and a pedal position sensor 134
for generating a proportional pedal position signal PP. Com-
bustion chamber (i.e., cylinder) 30 of engine 10 may include
combustion chamber walls 32 with piston 36 positioned
therein. Piston 36 may be coupled to crankshaft 40 so that
reciprocating motion of the piston is translated into rotational
motion of the crankshaft. Crankshaft 40 may be coupled to at
least one drive wheel of a vehicle via an intermediate trans-
mission system. Further, a starter motor may be coupled to
crankshaft 40 via a flywheel to enable a starting operation of
engine 10.

Combustion chamber 30 may receive intake air from intake
manifold 44 via intake passage 42 and may exhaust combus-
tion gases via exhaust passage 48. Intake manifold 44 and
exhaust passage 48 can selectively communicate with com-
bustion chamber 30 via respective intake valve 52 and exhaust
valve 54. In some embodiments, combustion chamber 30 may
include two or more intake valves and/or two or more exhaust
valves.

Fuel injector 66 is shown arranged in intake passage 44 in
a configuration that provides what is known as port injection
of fuel into the intake port upstream of combustion chamber
30. Fuel injector 66 may inject fuel in proportion to the pulse
width of signal FPW received from controller 12 via elec-
tronic driver 68. Fuel may be delivered to fuel injector 66 by
a fuel system (not shown) including a fuel tank, a fuel pump,
and a fuel rail. In some embodiments, combustion chamber
30 may alternatively or additionally include a fuel injector
coupled directly to combustion chamber 30 for injecting fuel
directly therein, in a manner known as direct injection.

Intake passage 42 may include a throttle 62 having a
throttle plate 64. In this particular example, the position of
throttle plate 64 may be varied by controller 12 via a signal
provided to an electric motor or actuator included with
throttle 62, a configuration that is commonly referred to as
electronic throttle control (ETC). In this manner, throttle 62
may be operated to vary the intake air provided to combustion
chamber 30 among other engine cylinders. The position of
throttle plate 64 may be provided to controller 12 by throttle
position signal TP. Intake passage 42 may include a mass air
flow sensor 120 and a manifold air pressure sensor 122 for
providing respective signals MAF and MAP to controller 12.

Ignition system 88 can provide an ignition spark to com-
bustion chamber 30 via spark plug 92 in response to spark
advance signal SA from controller 12, under select operating
modes. Though spark ignition components are shown, in
some embodiments, combustion chamber 30 or one or more
other combustion chambers of engine 10 may be operated in
a compression ignition mode, with or without an ignition
spark.

Exhaust gas sensor 126 is shown coupled to exhaust pas-
sage 48 upstream of emission control device 70. Sensor 126
may be any suitable sensor for providing an indication of
exhaust gas air/fuel ratio such as a linear oxygen sensor or
UEGO (universal or wide-range exhaust gas oxygen), a two-
state oxygen sensor or EGO, a HEGO (heated EGO), a NOx,
HC, or CO sensor. Emission control device 70 is shown
arranged along exhaust passage 48 downstream of exhaust
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gas sensor 126. Device 70 may be a three way catalyst
(TWC), NOx trap, various other emission control devices, or
combinations thereof. In some embodiments, during opera-
tion of engine 10, emission control device 70 may be periodi-
cally reset by operating at least one cylinder of the engine
within a particular air/fuel ratio. Full-volume exhaust gas
sensor 76 is shown coupled to exhaust passage 48 down-
stream of emission control device 70. Sensor 76 may be any
suitable sensor for providing an indication of exhaust gas
air/fuel ratio such as a linear oxygen sensor or UEGO (uni-
versal or wide-range exhaust gas oxygen), a two-state oxygen
sensor or EGO, a HEGO (heated EGO), a NOx, HC, or CO
sensor. Further, a plurality of exhaust gas sensors may be
located at partial volume locations within the emission con-
trol devices. A temperature sensor 72 may be disposed
upstream of emission control device 70 to monitor the tem-
perature of the exhaust gas entering the emission control
device. It should be understood that the sensor locations
shown in FIG. 1 are just one example of various possible
configurations. For example, the emission control system
may include a partial volume set-up with close coupled cata-
lysts.

Controller 12 is shown in FIG. 1 as a microcomputer,
including microprocessor unit 102, input/output ports 104, an
electronic storage medium for executable programs and cali-
bration values shown as read only memory chip 106 in this
particular example, random access memory 108, keep alive
memory 110, and a data bus. Controller 12 may receive vari-
ous signals from sensors coupled to engine 10, in addition to
those signals previously discussed, including measurement
of inducted mass air flow (MAF) from mass air flow sensor
120; engine coolant temperature (ECT) from temperature
sensor 112 coupled to cooling sleeve 114; a profile ignition
pickup signal (PIP) from Hall effect sensor 118 (or other type)
coupled to crankshatt 40; throttle position (TP) from a throttle
position sensor; and absolute manifold pressure signal, MAP,
from sensor 122. Engine speed signal, RPM, may be gener-
ated by controller 12 from signal PIP. Manifold pressure
signal MAP from a manifold pressure sensor may be used to
provide an indication of vacuum, or pressure, in the intake
manifold. Note that various combinations of the above sen-
sors may be used, such as a MAF sensor without a MAP
sensor, or vice versa. During stoichiometric operation, the
MAP sensor can give an indication of engine torque. Further,
this sensor, along with the detected engine speed, can provide
an estimate of charge (including air) inducted into the cylin-
der. In one example, sensor 118, which is also used as an
engine speed sensor, may produce a predetermined number of
equally spaced pulses every revolution of the crankshaft.
Additionally, controller 12 may communicate with a cluster
display device 136, for example to alert the driver of faults in
the engine or exhaust aftertreatment system.

Storage medium read-only memory 106 can be pro-
grammed with computer readable data representing instruc-
tions executable by processor 102 for performing the methods
described below as well as other variants that are anticipated
but not specifically listed.

Turning now to FIG. 2, an example routine is shown for
initiating catalyst monitoring following a DFSO duration.
The engine may be operated substantially at stoichiometry
before a DFSO event. At 200, the routine determines whether
DFSO entry conditions are met. DFSO entry conditions may
be based on various vehicle and engine operating conditions.
In particular, the routine may use a combination of one or
more of vehicle speed, vehicle acceleration, engine speed,
engine load, throttle position, pedal position, transmission
gear position, and various other parameters to determine
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whether the DFSO entry conditions have been met at 200. In
one example, the DFSO entry conditions may be based on an
engine speed below a threshold. In another example, the
DFSO entry conditions may be based on an engine load below
athreshold. In still another example, the DFSO condition may
be based on an accelerator pedal position.

If DFSO entry conditions are met at 200, the routine pro-
ceeds to 202 and enables DFSO. During DFSO, the engine is
operated without fuel injection while the engine rotates and
pumps air through the emission device. During this time, the
catalysts in the emission control device are reactivated with
oxygen.

The DFSO event may persist until conditions are met for
coming out of DFSO. For example, a DFSO event may be
ended based on a driver tip-in or vehicle speed reaching a
threshold value. At 204, the routine determines whether con-
ditions are met for coming out of DFSO. If conditions are not
met for coming out of DFSO at 204, the routine continues to
monitor various engine and vehicle operating parameters
which may indicate ending the DFSO event. For example, the
routine may monitor the driver pedal position. Once condi-
tions are met for coming out of DFSO at 204, for example in
response to a driver tip-in, vehicle speed reaching a threshold
value, and/or engine load reaching a threshold value, the
routine proceeds to 206.

At 206, the routine determines whether entry conditions
are met to initiate the catalyst monitoring routine. For
example, the routine may determine whether the DFSO dura-
tion was sufficiently long enough to sufficiently saturate the
catalysts in the emission control device. Indicating that the
DFSO event was sufficiently long enough to sufficiently satu-
rate the catalysts may improve accuracy of the catalyst moni-
toring routine. For example, if the catalyst in the emission
device were not sufficiently saturated before running the cata-
lyst monitoring routine, an erroneous indication of degrada-
tion may occur. For example, if the duration of the decelera-
tion fuel shut-off is greater than a threshold, then the routine
may indicate that the DFSO event was long enough at 206.
The threshold may be based on the sensor being lean at or
before an end of the DFSO duration, for example. Further-
more, since no fuel is injected while the engine rotates and
pumps oxygen through the emission control device, the
exhaust gas exiting the engine consists substantially of oxy-
gen. Thus saturating the catalysts in the emission control
device during DFSO events may substantially reduce the
risks associated with catalyst oversaturation.

If entry conditions to initiate the catalyst monitoring rou-
tine are not met at 206, for example if the DFSO event was not
long enough, the routine proceeds to 208. At 208, the routine
enables fueling without initiating the monitoring routine.
However, if entry conditions to initiate the catalyst monitor-
ing routine are met at 206, for example, if the DFSO event was
sufficiently long enough, the routine proceeds to step 210.

At 210, fueling is enabled and the catalyst monitoring
routine is initiated. The monitoring routine initiated at 210
may indicate degradation of the emission device based on a
total amount of rich products required to cause a sensor to
become richer than a threshold, for example. In one example,
the sensor may be located at full volume. In another example,
the sensor may be located at partial volume. The amount of
rich products required to cause the sensor to become richer
than a threshold may be correlated to an amount of oxygen
stored in the emission device. Thus the indication of catalyst
degradation may be based on the amount of oxygen stored in
the catalysts.

The indication of catalyst degradation in the monitoring
routine initiated at 210 may be further based on air mass and
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6

catalyst temperature during delivery of the required rich prod-
ucts. Catalyst temperature and air mass may each cause vari-
ability in the monitoring routine initiated at 210. For example,
as air mass increases, the amount of time the purge fuel is
present in the catalysts will decrease, leading to a decrease in
the rate of reduction of the purge fuel. Also, as the tempera-
ture of the catalysts increases, the rate of reduction of the
purge fuel may increase.

In one example, air mass may be based on readings from a
mass air flow sensor, e.g. sensor 120 in FIG. 1. In another
example, air mass may be based on one or more of a plurality
of sensor readings. In still another example, air mass may be
modeled based on various engine operating parameters. The
catalyst temperature may be determined by one or more of a
plurality of sensors disposed in the exhaust of the engine, for
example. In another example, catalyst temperature may be
modeled based on various engine operating parameters. Since
the indication of catalyst degradation may be based on air
mass and exhaust temperature, the monitoring routine may
not be limited to idle only or low load conditions. For
example, if a request for high speed or high load immediately
follows a DFSO event which sufficiently saturates the cata-
lysts, the catalyst monitor may still be effectively imple-
mented due to the inclusion of air mass and catalyst tempera-
ture compensation.

FIGS. 3A, 3B, and 3C show examples of air-fuel variations
of'a fuel injector, an air-fuel sensor upstream of the emission
control device, and an air-fuel sensor downstream of the
emission control device, respectively, during an example
catalyst monitoring event following a DFSO duration. The
example air-fuel signals shown in FIGS. 3B and 3C may be
signals from HEGO, UEGO, or any suitable exhaust gas
sensors. For example, though FIG. 3B shows an example
signal from a HEGO sensor, an UEGO sensor may be instead
bedisposed in the exhaust conduit upstream of the catalyst. In
such a case, the example signal shown in FIG. 3B may be
inverted.

At 300 in FIGS. 3A, 3B, and 3C, DFSO is initiated, for
example as described above with regard to the routine of FIG.
2. As shown in FIG. 3A, no fuel is injected during the DFSO
duration 302 while the engine rotates and pumps air through
the emission device. Thus, during DFSO, the catalysts in the
emission device are saturated with oxygen.

In response to a driver tip-in at 304, the engine comes out
of DFSO operation. As described above, whether or not the
catalyst monitoring routine is initiated depends on whether
the DFSO duration 302 was long enough to sufficiently satu-
rate the catalysts in the emission device. Sufficient saturation
of'the catalyst may be determined by whether the downstream
air-fuel sensor reads sufficiently lean at a point at or before an
end of the DFSO duration 302, for example at point 306 in
FIG. 3C. For example, if the driver tip-in to come out of
DFSO at 304 occurred at a point before point 306, then the
catalyst monitoring would not be initiated since the catalysts
are not sufficiently saturated.

In the example of FIGS. 3A, 3B, and 3C, however, the
driver tip-in occurs at a point 304 when the catalysts are
sufficiently saturated. Thus the catalyst monitoring routine is
initiated at point 304 following the DFSO duration 302. As
shown in FIG. 3A at 304, the engine is run with rich fuel
injection in response to the driver tip in when the catalyst
monitor is run.

The catalyst monitoring routine beginning at point 304 is
used to indicate emission device degradation based on an
amount of rich exhaust products delivered from the fuel injec-
tion initiation at 304 to a lean to rich downstream sensor
transition at 308.
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During an initial duration, indicated at 310, after re-initia-
tion of fuel injection before the upstream air-fuel sensor is in
range, the amount of rich exhaust products may be based on
an estimate of exhaust air/fuel ratio independent of the
upstream air/fuel sensor. For example, the estimate of exhaust
air/fuel may be based on an amount of injected fuel which
may be determined from fuel injector pulse-width, e.g., an
integrated pulse-width converted to mass of fuel. Following
the initial duration 310, when the upstream sensor is in range,
for example at point 312, the amount of rich exhaust products
may be based on the upstream air-fuel sensor for the remain-
ing duration 314, of the catalyst monitoring event (e.g., based
on the equations described below).

The lean-rich downstream sensor transition at 308 may be
based on a variable switching threshold, shown at 316 in FI1G.
3C. The switching threshold may be increased or decreased
based on various engine, exhaust, and/or sensor operating
parameters, for example. Once the downstream sensor tran-
sitions from lean to rich at point 308, the monitoring routine
ends and the engine returns to stoichiometric operation.

Turning now to FIG. 4, an example routine is shown for
monitoring an emission control system following a decelera-
tion fuel shut-off event wherein the catalysts in the emission
device are sufficiently saturated with oxygen. The routine of
FIG. 4 may be employed to indicate degradation of the emis-
sion control device based on an amount of fuel required to
cause a sensor to become richer than a threshold. In one
example, the sensor becoming richer than a threshold may
include the sensor switching from reading lean to reading
rich. In another example, the sensors becoming richer than a
threshold may include, the sensor switching from reading
lean to reading less lean based on the threshold value. In the
example routine in FIG. 4, the indication of degradation is
based on an amount of oxygen stored in the emission control
device following a DFSO duration, as indicated by a thresh-
old, for example. When the DFSO duration is long enough,
the catalysts in the emission control device may be suffi-
ciently saturated with oxygen prior to the determination of the
oxygen storage capacity. Sufficient saturation of the catalysts
during a DFSO event may be indicated by a full-volume
sensor reading lean, for example.

The oxygen storage capacity may be identified via an inte-
grated fuel metric. Thus, in contrast to indirect monitoring
approaches, detection of much smaller relative changes in
catalyst activity may be achieved. The oxygen storage capac-
ity of the emission control device may be determine by the
following equation which depends on air mass (AM) and
air/fuel stoichiometry (A):

AM (1
0SC = f—(— —l]dl‘
K \A

The air/fuel stoichiometry (A) in the above equation is the
air/fuel stoichiometry (A) ofthe exhaust entering the emission
device. The air/fuel stoichiometry (A) may be measured by an
air-fuel sensor located upstream of the emission device or
estimated based on an amount of fuel injected, for example. In
another example, the air/fuel stoichiometry (A) may be based
on a combination of sensor readings and estimations based on
various engine operating parameters. As shown in FIG. 3, for
a first duration following a DFSO event, e.g., duration 310 in
FIG. 3, the air/fuel stoichiometry (A) may be based on an
estimate of the exhaust air-fuel ratio, e.g. based on fuel injec-
tion amount, inducted air charge, etc. For a second duration
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following the first duration, e.g., duration 314 in FIG. 3, the
air/fuel stoichiometry (A) may be based on an upstream sen-
sor.

The parameter , in the above equation, represents a sto-
ichiometric air-fuel ratio. The stoichiometric air-fuel ratio k
may depend on the type of fuel used by the engine, for
example gasoline, ethanol, gasoline-ethanol blends, and
methanol. For example, when the engine uses gasoline,
k=14.7. Furthermore, various modifiers may be applied to the
integral to compensate for the type and composition of fuel
used by the engine. For example, a modifier may be applied to
the above integral to compensate for a percentage of methanol
in the fuel.

The OSC integration in the above equation may be initiated
following a DFSO event wherein the catalysts in the emission
device are sufficiently saturated with oxygen. For example,
following a DFSO duration, if the full-volume sensor reads
sufficiently lean at or before an end of a DFSO duration, as
determined by a threshold value indicating that the DFSO
event was sufficiently long enough to saturate the catalysts,
the OSC integration may be initiated and the routine of FIG.
4 implemented.

In FIG. 4, when the conditions are met for initiating the
catalyst monitor at 400, the routine proceeds to 402. At 402,
rich fueling is initiated in response to a driver tip-in to come
out of DFSO and the OSC integration is initiated. The OSC
integration, indicated generally at 404 in FIG. 3, may con-
tinue until the sensor switches from reading lean to reading
rich at 414.

In one example, the lean-rich sensor transition may be
based on a switching threshold. The switching threshold may
be based on engine, vehicle, and/or air-fuel sensor operating
conditions. For example, the switching threshold may be
based on an amount of variation of the air-fuel ratio as
detected by an air-fuel sensor. In another, example, the
switching threshold may be based on a sensitivity of an air-
fuel sensor.

The OSC integration indicated generally at 404 begins at
step 406 in FIG. 4. At 406 the routine determines whether the
air-fuel sensor upstream of the emission device, e.g., sensor
126 in FIG. 1, is in range. For example, during DFSO when
fuel injection is cut-off, the upstream sensor reads lean. How-
ever, following DFSO when fueling is re-initiated, the
upstream sensor may not immediately come back to an in
range value, thus may not accurately reflect the correct air/
fuel ratio. The time it takes for the sensor to come into range
may be variable and may depend on various parameters. For
example, sensor location, sensor aging and fuel shifts may
influence the time for the sensor to provide a signal which
accurately reflects the correct air/fuel ratio.

If the upstream sensor is not in range at 404, for example
immediately following or soon after coming out of DFSO, the
routine proceeds to 406. At 406 the routine begins the OSC
integration (as described above) using adaptive fuel-based
open loop prediction. For example, the air/fuel stoichiometry
(») in the OSC equation above may be given by A=A ___, where

A, 18 the requested lambda adjusted via adaptive fugl-based
open loop prediction. In one example, the adaptive fuel-based
open loop prediction may be used in the OSC integration
when A, >h,.+cal_offset, where A, is the lambda mea-
sured by the upstream air-fuel sensor and cal_offset is a
threshold value used to determine whether the sensor is in
range. The adaptive fuel-based open loop prediction may be
used until the upstream air-fuel sensor output is in range at
406. When the sensor is in range at 406, the OSC integration
continues using A as measured by the upstream sensor at

410.

meas?
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By including adaptive fuel-based open loop prediction in
the OSC integration, sensor location may be removed as a
noise factor in the monitoring process. Further, the effects of
sensor aging may be reduced. The remaining noise in the
monitoring process may be dictated by how well the adapted
the fuel control system functions. Further, sensor shift may
also be reduced in such an approach.

Both integration steps using open loop prediction at 406
and measured lambda values at 408 further include compen-
sation for variability in air mass and catalyst temperature at
410. Compensation for air mass and catalyst temperature are
shown in the routine of FIG. 5 during each OSC integration
step at 500. Catalyst temperature and air mass are both sig-
nificant sources of variability for the integrated fuel metric
described above with regard to the OSC integration equation.
For example, without including the air mass compensation
step at 502 in FIG. 5, the integrated fuel metric described by
the equation above decreases with increasing air mass. Thus,
though the OSC formula above includes air mass in the equa-
tion, it does not characterize the full effects of air mass.

For example, starting with a completely saturated catalyst
(e.g., 100% stored oxygen) the rate of stored oxygen removal
may drop gradually as stored oxygen is consumed. However,
once all of the surface oxygen is consumed, the rate may drop
rapidly because the bulk oxygen stored in the ceria of the
catalysts may be more difficult to reduce. At a fixed rate of
reductant delivery (e.g., constant air mass and rich lambda),
when the rate of stored oxygen reduction falls below the rate
of'reductant delivery, the full-volume sensor may switch from
reading lean to reading rich even though the stored oxygen is
not completely consumed. For a given temperature, the mea-
sured amount of stored oxygen may then decrease as the rate
of reductant delivery increases.

Furthermore, as the temperature of the catalysts increases,
the rate of reduction of exhaust components (e.g., HC) may
increase. Thus, the integrated fuel metric described by the
equation above, increases with increasing catalyst tempera-
ture.

Therefore, in order to obtain a more accurate determination
of'the OSC for catalyst monitoring, the OSC integration may
further include compensation for air mass as shown at 502 in
FIG. 5, and catalyst temperature, as shown at 504 in FIG. 5.
For example, compensation for air-mass and catalyst tem-
perature may be given by the following equation:

AM (1
0SC = f_(i —1)-FN(AM)-FN(CatTemp)-dt
K

The OSC multipliers FN(AM) and FN(CatTemp) in the above
equation may be functions which provide air mass and cata-
lyst temperature compensation, respectively. In one example,
the OSC multipliers FN(AM) and FN(CatTemp) may be pre-
determined functions which depend on engine and exhaust
system operating parameters. In another example, the OSC
multipliers FN(AM) and FN(CatTemp) may be based on
mass air flow and catalyst temperature as measured by one or
more of a plurality of sensors during engine operation.

FIG. 6A shows an example function FN(AM) for the air
mass compensation OSC multiplier as a function of air mass.
In this example, the OSC multiplier FN(AM) increases with
increasing air mass in order to compensate for the integrated
fuel metric decreasing as air mass increases, as described
above. Thus the oxygen storage amount is determined to be
higher based on a higher air mass.
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FIG. 6B shows an example function FN(CatTemp) for the
catalyst temperature compensation OSC multiplier as a func-
tion of catalyst temperature. In this example, the OSC multi-
plier FN(CatTemp) decreases with increasing catalyst tem-
perature in order to compensate for the integrated fuel metric
increasing as catalyst temperature increases, as described
above. Thus the oxygen storage amount is determined to be
lower based on a higher temperature.

Returning to FIG. 4, the OSC integration routine at 404
continues the OSC integration with air mass and catalyst
temperature compensation until the sensor switches from
reading lean to reading rich at 414. As described above, the
sensor switch from lean to rich may be based on a switch
threshold. When the sensor reads rich at 414, the OSC inte-
gration stops and the engine is switched to lean or stoichio-
metric operation at step 416.

Ifthe oxygen storage capacity as determined by the routine
at 404 is below a threshold, for example, then degradation of
the emission control device may be indicated. The indication
may occur on a cluster display to alert the driver, for example.

Note that the example control and estimation routines
included herein can be used with various engine and/or
vehicle system configurations. The specific routines
described herein may represent one or more of any number of
processing strategies such as event-driven, interrupt-driven,
multi-tasking, multi-threading, and the like. As such, various
acts, operations, or functions illustrated may be performed in
the sequence illustrated, in parallel, or in some cases omitted.
Likewise, the order of processing is not necessarily required
to achieve the features and advantages of the example
embodiments described herein, but is provided for ease of
illustration and description. One or more of the illustrated acts
or functions may be repeatedly performed depending on the
particular strategy being used. Further, the described acts may
graphically represent code to be programmed into the com-
puter readable storage medium in the engine control system.

It will be appreciated that the configurations and routines
disclosed herein are exemplary in nature, and that these spe-
cific embodiments are not to be considered in a limiting sense,
because numerous variations are possible. For example, the
above technology can be applied to V-6, 14, 1-6, V-12,
opposed 4, and other engine types. The subject matter of the
present disclosure includes all novel and nonobvious combi-
nations and subcombinations of the various systems and con-
figurations, and other features, functions, and/or properties
disclosed herein.

The following claims particularly point out certain combi-
nations and subcombinations regarded as novel and nonob-
vious. These claims may refer to “an” element or “a first”
element or the equivalent thereof. Such claims should be
understood to include incorporation of one or more such
elements, neither requiring nor excluding two or more such
elements. Other combinations and subcombinations of the
disclosed features, functions, elements, and/or properties
may be claimed through amendment of the present claims or
through presentation of new claims in this or a related appli-
cation. Such claims, whether broader, narrower, equal, or
different in scope to the original claims, also are regarded as
included within the subject matter of the present disclosure.

The invention claimed is:

1. A method for monitoring an emission device coupled to
an engine, comprising:

following a deceleration fuel shut-off duration, indicating

degradation of the emission device based on an amount
of rich products required to cause a sensor to become
richer than a threshold, the indicating carried out when
the deceleration fuel shut-off duration is greater than a
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second threshold, the indicating further based on air
mass during delivery of the required rich products.

2. The method of claim 1, wherein the sensor is a full
volume sensor and the threshold is at stoichiometry.

3. The method of claim 1, wherein the threshold is based on
the sensor being lean at or before an end of the deceleration
fuel shut-off duration.

4. The method of claim 1, wherein the indicating is further
based on temperature during delivery of the required rich
products.

5. The method of claim 1, wherein the emission device is a
three-way catalyst, the method further comprising operating
the engine at stoichiometry before said deceleration fuel shut-
off duration.

6. The method of claim 1, wherein the amount of rich
products required to cause the sensor to switch from lean to
rich is correlated to an amount of oxygen stored in the emis-
sion device, the indicating based on the amount of oxygen
stored.

7. The method of claim 6, wherein the amount of oxygen
stored is based on an adaptive fuel-based open loop prediction
when an upstream sensor is out of range and based on the
upstream sensor when the upstream sensor is in range.

8. The method of claim 1, wherein the sensor switching
from lean to rich is based on a switching threshold.

9. The method of claim 8, wherein the switching threshold
is based on engine operating conditions.

10. A system for monitoring an emission control device
coupled to a combustion engine, comprising:

an air-fuel sensor coupled downstream of a volume of

catalyst material of the emission control device; and

a control system having a non-transitory computer storage

medium with instructions encoded thereon, the instruc-

tions comprising:

instructions to initiate a deceleration fuel shut-off based
on an engine operating condition;

following the deceleration fuel shut-off, instructions to
begin fueling in response to a driver tip-in; and

following the driver tip-in, instructions to indicate deg-
radation of the emission control device based on a
total amount of rich products delivered from the
beginning of the fueling up to a switch of the air-fuel
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sensor from lean to reading rich, and further based on
temperature during delivery of the rich products.

11. The system of claim 10, wherein the air-fuel sensoris a
full volume sensor coupled downstream of a full volume of
monitored catalyst material.

12. The system of claim 10, wherein the emission control
device is a three-way catalyst.

13. A method for an engine having a three-way catalyst and
an air-fuel sensor downstream thereof, comprising:

performing a fuel shut-off event while the engine rotates

and pumps air through the three-way catalyst, then;
re-initiating fuel injection; and

if the fuel shut-off event continued sufficiently long for the

air-fuel sensor to indicate lean, indicating degradation of
the three-way catalyst based on an amount of rich
exhaust products delivered from the fuel injection ini-
tiation to a lean-rich sensor transition and further based
on exhaust temperature during delivery of the rich
exhaust products.

14. The method of claim 13, wherein the amount of rich
exhaust products is based on an air mass and an upstream
air-fuel sensor.

15. The method of claim 14, wherein, during an initial
duration after re-initiation of fuel injection before the
upstream air-fuel sensor is in range, the amount of rich
exhaust products is based on an estimate of exhaust air/fuel
ratio and independent of the upstream air-fuel sensor;

and following the initial duration, the amount of rich

exhaust products is based on the upstream air-fuel sen-
SOr.

16. The method of claim 13, wherein the indicating is
further based on an air mass and exhaust temperature after a
point where the air-fuel sensor indicated lean during the fuel
shut-off event but before the lean-rich sensor transition.

17. The method of claim 16, wherein the indicating is based
on an oxygen storage amount of the three-way catalyst, the
oxygen storage amount based on the amount of rich exhaust
products, the air mass, and the exhaust temperature, where the
oxygen storage amount is determined to be higher based on a
higher air mass, and the oxygen storage amount is determined
to be lower based on a higher exhaust temperature.
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